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I n  semi arid parts of the \\ orld such as the UAE sal in ity is a major constra int to plant grov,ih 
and development. More than 80 % of a l l  land p lants l ive in symbiosis with soi l  fungi of the 
G lomeromycota. These are a lso cal led arbuscular mycorrh izal fungi (AMF),  and have been 
sho\\ n to contribute to gro\\th and nutrient uptake of a broad range of agricu ltural p lants. A 
pos i t i \  e effect of the AM s) mbiosis on plant performance under sa l in i!) has often been 
observed, but the prec ise mechan isms beh ind this effect are unknown to date. Mycotroph ic 
p lants common I) grown on sal ine sandy so i l s  of the UAE might benefit from inocu lation 
" ith symbiotic AM fungi ,  but the development and funct ioning of mycorrh izae under these 
cond itions has not yet been investigated in much deta i l .  The aim of this study was to 
i l lustrate some of these knowledge gaps. 
The ground cover Wedelia trilobata ( L . )  was selected as experimental p lant for this stud) . 
Stem cuttings were rooted and precul t ivated for s ix weeks in ce l l  trays conta ining soi l  that 
\\ as either mixed \, ith AM fungal propagules, or not. After that 48 p lants were transferred to 
compartmented p lanting pots fil led \, ith soi l .  The planting pots were round, and a smal ler 
pot \vas p laced into the centre of a larger one, in order to create two soi l compartments . The 
i nner pot had a l atticed wal l  that was covered either w ith a nylon net w ith 2 mm mesh width, 
or a membrane that had a mesh w idth of 30 flm . The p lants were transferred to the inner pots 
and could access the outer compartment e ither with their roots (2 mm mesh), or on ly via 
symbiot ic AM fungal mycel i um (30 flm mesh). N utrit ional e lements were fert i l ized mainly 
to the outer compartment. Two d ifferent levels of NaCI contamination (1200 mglkg and 
2200 m glkg dry so i l )  were establ i shed in the soi l  in the outer compartment. Non­
contaminated treatments served as contro ls .  The aim of this experimenta l set-up was to 
est imate to which extent AM fungal hyphae would assist p lants in uptake of nutritional 
e lements from sal i ne so i l ,  and whether the symbiotic fungus m ight help p lant roots to 
pro l i ferate in sa l ine soi l .  
The p lants were grown for 6 1  days after transplanting ( DAP) .  A t  the harvest date the 
fol io\', ing data \vas col lected: fresh and dry weight of root and shoot, stem length, the 
number of fu l ly developed leaves, shoot/root rat io, the dry weight of roots in the outer 
compartment, A M  colon izat ion rate, EC of the soi l  extract in the inner and outer 
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compartments, evapotranspiration and water use efficiency ( WUE), as wel l  as the P. Na, K 
and Ca concentrations in the shoots, and a lso water extractable N a  and Ca in the inner 
compartments. The resu lts indicated that sal in i ty had a negative effect on AM fungal root 
colon ization and root growth in outer compartments. Neverthe less. the AM symbiosis 
contributed to gro"\", th and surv ival of p lants under sa l in ity and a lso increased the water use 
effic iency. The prec ise reasons for the positive effect of the AM symb iosis on plant growth 
remain pecu lative. Against expectation, the AM symbiosis did apparently not contribute to 
net P uptake of the p lants. However, A M  p lants contained more cations (Ca and K )  in their 
shoots compared \\ ith nonmycorrhizal contro ls .  D ifferent from severa l prev ious stud ies. the 
AM plants a lso contained more Na in the ir  shoots compared with non-AM controls. The 
resu lts of our study do not support the thesis that AM fungal root colon ization can assist root 
pro l i feration in sal ine soi L or protect p lants from the uptake of Na +. To which extent other 
mechanisms such as an increased level in antioxidants or compat ib le solutes in response to 
AM fungal root colon ization can explain the benefic ia l  effects of the symbiosis on plant 
growth under sal ine cond it ions, deserves further investigation. 
The results of our study ind icate that even AM fungal stra ins which are negat ively affected 
in their development by soi l  sa l i n ity can contribute to p lant performance on sa l ine soi l s .  
Mechanisms other than contributions to  nutrient uptake are poss ib ly involved into these 
effects and shou ld be investigated in more deta i l  by further experiments. 
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Chapter 1: Introduction 
The effect of the arbuscular m) corrh izal (AM)  s) mbiosis on the performance of landscap ing 
p lants gro\\ ing in  sal ine and) dune so i l  from the UAE has not yet been investigated in 
much deta i l .  even though several biofert i l izers based on AM fungi have entered the UAE 
mark.et during the last years . The fol l o\\ ing section wi l l  provide an overview of the current 
state of k.no\\ ledge on p lant growth and nutrient acquis it ion under sal ine soi l  conditions. the 
biolog) of the AM sy mbiosis. and possible means by which the symbiosis could assist p lant 
performance in sal ine. sandy soi ls .  
1 . 1  Soil salinity 
Accumulat ion of water-so luble salts in the so i l  is cal led sa l in izat ion. which resu l ts in a 
negat ive effect on plant productivity In  sem iarid and arid areas the sal in ity is h igh because 
of insuffic ient rainfa l l  ( Rengasamy. 2006) and thus leaching of so luble salts. Ra infa l l ,  
i rrigation and e levated sa l i ne groundw ater tables are sources of  salt input into soi l s  
( Rengasam) . 2006). S ingh (2009) ment ioned that removing perennia l  p lants from the soi l  
can increase soi l  sa l i n ity. Athar and Ashraf ( 2009) have reported that out o f  the 230 M i l l ion 
hectares of irrigated land worldwide, around 45 M i l l ion hectares were salt affected based on 
F AO report in 2008. 
I n  salt affected soi l s h igh amounts of so luble sa lts exist in the so lution phase. and/or a 
sign ificant portion of cation exchange sites is occupied by Na +. For measuring soi l  sa l in ity. 
usua l l) the e lectric conductivity ( ECe) of an extract of the water saturated soi l is used. A so i l  
is considered sal ine when ECe  is above 4 dS m'l (the G lossary of  Soi l  Sc ience Tenns 
publ ished by the Soi l  Sc ience Soc iety of A merica, 2008, based on the criteria publ ished by 
the U S  Sa l inity Laboratory Staff, 1 954) .  At fie ld capacity, the water content of the soi l  is 
less compared w ith water saturat ion; hence it needs to be considered that concentrations of 
salt in the soi l  w i l l  be much h igher in the soi l so lut ion compared with the water extract 
( Marschner, 20 1 1 ) . 
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1 . 1 . 1  The impact of soil salinity on plant growth 
The concentration of odium (Na+) in relation \\ ith calcium (Ca2+) and magnesium (Mg2) in 
the oil solution is called sodium adsorption ratio (SAR). The SAR can be used to 
characterize cation relations in salt affected soils, and to classify soils as either 'saline', or 
'sodic'. In sodic soils, a high SAR can reduce plant growth significantly even if the soil ECe 
is belo\\ 4 (Marschner. 2011). According to Marschner (2011), mass flow of ions towards 
the root can lead to rhizosphere salinization when ion transpOIt exceeds ion uptake by the 
roots. Sensiti" it) of plants towards salinity depends on the plant genotype and 
em ironmental conditions. For example, salinity sensitivity will increase significantly when 
roots are additionally facing oxygen deficiency due to water logging or any other 
environmental stress (Barrett-Lennard, 2003). Plant responses to soil salinity also depend on 
the plant genotype (Breto et a!., 1994). Only a small group of agricultural plants is tolerant 
to salinity, and most crops are considered moderately or highly salt sensitive. In general salt 
tolerance of plants is described by the ECe threshold that is tolerated without yield loss. and 
the percentage of yield decline beyond the threshold level (Marschner, 2011). Several 
authors, e.g. Breto et a!. (1994), Lin et al. (2004) and Tozlu et a1. (1999) have stud ied the use 
of genetic modifications in order to confer salt tolerance to transgenic tomato, rice and citrus 
respectively. but the results were not very promising in the past. Physiological adaptations to 
salinity are highly diverse in plants. Their nature is very complex and depends on the plant 
developmental stage and the environmental conditions (Flowers and Flowers, 2005). Even 
during ontogeny the sensitivity of plants will change towards soil salinity, and a plant might 
be sensitive in a specific growth stage while it is tolerant in another. For example, sugar beet 
is sensitive towards salinity in the germination stage and tolerant during later stages of 
grow1:h (Maas and Hoffman, 1977). In rice salt tolerance is relatively high during vegetative 
grO\\-th, while the same plant is sensitive to salinity during its generative stage (Khatun and 
Flowers, 1995). For this reason plant breeding for salinity tolerant genotypes achieved only 
small progress in the past. Alternative means by which plants can be protected from adverse 
effects of high soil salinity levels would be desirable. Inoculation with salinity tolerant plant 
growth promoting rhizosphere microorganisms could potentially be one of them. 
Soil salinity will have a negative effect on plant growth by three mechanisms: water 
deficiency due to osmotic stress, ion toxicity due to excessive uptake of cr and Na+ and 
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nutrient imbalances (Marschner. 2011). utrient imbalance can happen due to reduction in 
nutrient uptake, reduced nutrient transport to the shoot and impaired nutrient distribution 
over different plant part (Marschner, 20 I I). The movement of cr and Na + is mainly 
directed by transpiration pull. Accumulation of these ions can cause some toxicity s. mptoms 
uch as necro i of tips and margins of older leaves. reduction in photosynthetic rate, other 
metabolic reactions and yield decl ine. Oertli (1968) and Volkmar et al. (1998) have 
uggested that increased accumulation of Na + and/or cr in the apoplast might cause 
cytoplasm dehydration \\ hich can result in death of leaf tissues. Many researchers including 
Maas (1993), Winter (1982). Sibole et al. (2003), Moya et al. (2003) and Alexander and 
Groot-Obbink (1971) ha\ e reported that cr toxicity may be the main limiting factor for 
plant performance under salinity. Ho\\ ever, in some plants such as Medicago it has been 
reported that a + can be as toxic as cr (Aydi et aI., 2008). 
1 . 1 .2 Soil salinity and plant nutrient uptake 
Soil salinity has an impact on nutrient uptake by plants. One of the most important nutrients 
for \vhich plant uptake is negatively affected by salt stress is Ca. Calcium plays an important 
role in cell wall and membrane stabilization. Under saline soil conditions a reduction in Ca�+ 
uptake is a usual observation because of competition of Na + and Ca2+ for plant uptake sites. 
These cations compete with each other for plant uptake via non selective cation channels 
from the root apoplast (Marschner, 2011). Elevated Na+ levels in the soil will also impair 
active Ca�+ transport from the xylem parenchyma into the xylem (Halperin et a I., 1997). To 
solve the problem of Ca�+ deficiency due to salinity, Muhammed et al. (1987) have 
suggested elevating the level of Ca2+ in the soil by adding gypsum as a soil amendment. The 
plant gro\\ th could be improved by this method, and salinity S) mptoms were reduced. 
Another nutrient which is reported to be affected by soil salinity is phosphorus. The 
phosphate (P) uptake and translocation is often impaired by increasing levels of aCt in the 
soil. This is due to competition of cr with P for uptake sites. Martinez and Uiuchli (1991) 
have sho\Yn this effect in cotton. avarro et al. (2001) have observed in some other plants 
such as melon that the competition between cr and P is most likely not the reason for a 
reduction in P uptake into the plants. Instead, NaCI might have impaired the PO}- uptake 
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into the xylem. More than 80 % of all land plants, however, take up P not only through their 
root surface. but also via the symbiotic mycelium of AM fungi. To which extent the AM 
fungal P uptake pathway is affected by soil salinity has not been investigated yet. 
Phosphorus transporter in AM fungal mycelium might differ compared with those in plants 
in terms of selectivit) and/or sensitivity towards Na + and cr. 
Particularl) \\ hen plants grow on saline or dry soils, an important role of potassium (K) lies 
in the regulation of the osmotic potential in plant roots and maintenance of turgor pressure. 
These functions \\ ill facilitate solute transport and water balance in plants. Soil salinity also 
has an impact on K uptake by the plants. Increasing soil salinity often results in increasing 
K+ effllLx from the roots \\ ithin one hour after exposing the plant to salinity. This can be a 
consequence of a decreasing integrity of membranes under sal inity (Marschner, 2011). 
Under saline conditions, magnesium (Mg2) uptake usually is not impaired but in some 
crops such as barley, a decrease in Mg�+ uptake can be the reason for appearance of Mg 
deficiency symptoms in plants growing in a saline soil that is poor in Mg (Cramer and 
o\\ ak, 1992). 
1 .2 Mycorrhizal fungi 
Fungi are primarily heterotrophic organisms. They often use complex organic materials for 
carbon and energy supply. Man; fungi are saprophytes. They obtain their food by 
decomposing dead plants and animals. Some fungi are pathogens, and some others. such as 
mycorrhizal fungi used in this study, form symbioses and mutualistic relationships with 
plants (Smith and Read, 2008). Mycorrhiza was defined by Frank, 1885 as symbiotic 
associations between fungi and roots in a way that both partners benefit from this relation 
(Smith and Read, 2008). 
1.2 . 1 Symbiotic fungal association 
Mycorrhiza is the association between fungi and plant roots that can be beneficial to both 
partners. The roots of more than 80 % of all land plants live in symbiotic association with 
mycorrhizal fungi (Gianinazzi and Gianinazzi-Pearson, 1986). Most agricultural and 
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horticultural crop plant are hosts for s) mbiotic fungi ( mith and Read 2008; Bonfante­
Fasolo 1987; Brachmann and Parniske 2006). The symbiotic fungi obtain carbohydrates 
from the ho t and in return. transfer nutrient from the oil to the plant roots. This 
association occur in almost all plants ( mith and Read, 2008) and the plant species with tap 
roots are reported to be more dependent on mycorrhiza than those with fine lateral roots or 
e:-..ten ive root hair (Coyne, 1999). 
1 .2 .2 Taxonomy of arbuscular mycorrhizas 
Four main kinds of mycorrhizal fungi have been introduced: arbuscular, ectomycorrhizaL 
ericoid and orchid mycorrhiza ( mith and Read, 2008). Arbuscular mycorrhizal associations 
(ime tigated \\ ithin this stud) are formed b) most agricultural vegetables and orchard 
plant . Ectomycorrhizal as ociations are more common in perennial plants of cooler climate. 
Orchid mycorrhizal associations can be seen only in orchids. Ornamental plants form 
associations from all these groups (Smith and Read, 2008). The most common type of 
mycorrhiza among cultivated plants is the arbuscular mycorrhiza (AM). It can be found in 
natural ecosystems as well as in agricultural areas, and the fungi form symbioses \\ ith a 
\\ ide range of host plants (Smith and Read, 2008). There are some exceptions, however, 
\\ hich constitute non-hosts for AM fungi. For example AM symbioses are not formed by 
lupins, most members of the Chenopodiacea (e.g. sugar beet, spinach) and all cabbage plants 
(Brassicaceae; Smith and Read, 2008). Within the cortical tissues of host plant roots the AM 
fungi fornl a structure called arbuscule. Arbuscules are similar to haustoria in parasitic fungi. 
Haustoria are appendages at the tip of hyphae that penetrate into living host cells and take up 
nutrients. Arbuscules of AM fungi resemble a small shrub with finely branched twigs and 
are formed within individual cells. Due to their high surface area Gianinazzi et al. (1979) 
have introduced the arbuscules as a major site of nutrient exchange bet\veen the fungus and 
the plant. Masse (1973) has reported that arbuscules can form in the inner root cortex within 
the cells. Arbuscular morphology is different according to the fungal species (Morton 2000). 
Fungi of the genus Glomus, such as the isolate used in this study, produce arbuscules with 
cy lindrical trunks and extensive branched tips (Palenzuela et aI., 2008). 
The phylum of the Glomeromycota comprises four orders. They are named 
Archaeosporales, Diversisporales, Glomerales, and Paraglomerales (Smith and Read, 2008). 
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For the pre ent study a fungus of the order Glomerales was used. Glomeromycotan fungi can 
further be grouped into ten families and 1 4  genera (Blaszkowski 2003 ; chtif3ler et al. 200 1 ). 
So far the number of identified species is around 200 (Morton et aI., 1 994; SchUf3ler et al. 
200 I: Walker and Schtifiler 2004 ; Oehl and ieverding 2004; Sieverding and Oehl 2006; 
Spain et aI., 2006; Palenzuela et ai., 2008) .  GloJlllls infraradices was chosen for the present 
stud) . This fungal species has been identified in soils of a wide range of geographical 
regions. It is also commonly used in the production of commercially available biofertilizers 
based on AM fungi. The only way of distinguishing different AM fungal species visually is 
by the spore morphology (Giovannetti and Gianinazzi pearson, 1 994). 
1.2.3 Arbuscular mycorrhizal structures and host colonization 
The AM fungi are obligate biotrophs and depend on a symbiotic plant partner for their food. 
In return they provide their host plants with nutritional elements taken up from the soil 
(Ne\vmann 1 988; Smith and Gianinazzi-Pearson 1 988;  Smith et aI., 2003 ) .  Root 
co Ionization by AM can establish from three types of propagules: spores, hyphae and pieces 
of infected roots which are colonized by AM mycelium. Commercially available inoculum 
usually contains a mixture of these infectious units (Smith and Read, 2008) .  The AM fungi 
produce intra and extraradical mycelium. The intraradical mycelium of the AM fungi 
proliferates within root cortex of the host plant, whereas the extraradical parts fonn a dense 
nehvork of hyphae around the plant root (Smith and Read, 2008) .  At the beginning of root 
colonization, relatively coarse mycorrhizal hyphae rapidly spread around the host root. They 
can extend up to 20 cm away from the root surface. Later, finely branched hyphae are 
formed, which provide a large surface area for uptake of mineral elements (Bieleski, 1 973) .  
Mainly P is taken up from the soil by AM fungi for transport to the host plant. The nutrient 
uptake via the AM pathway contributes particularly much to total plant nutrient acquisition 
when the soil fertilization level is low (Clark and Zeto, 2000) . Mechanisms by which the 
AM fungi transport and transfer nutritional elements to the plant have received much 
attention in mycorrhiza research during the last decades (Neumann and George, 20 1 0) .  The 
AM fungi do not reproduce sexually, but extraradical mycellium can form asexual, 
multinucleate spores in the soil (Becard and Pfeffer, 1 993 ) .  
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1.2.4 Beneficial effects of arbuscular mycorrhiza fungi on host plant 
development 
The AM ) mbiosi increases ho t plant resistance to several stresses such as pathogens 
(Boro\\ icz, 2001) and water stresses ( tah I and mith 1984). Moreoyer, the extrarad ical 
mycelium improves soil tructure by enmeshing soil particles, and binding them into 
aggregates (Wright and Upadhyaya, \998). Olsson et al. (1999) also observed an increase in 
biological activity of the soil in response to AM fungal root colonization. Heavy metals such 
as copper. zinc and cadmium can be adsorbed by AM mycelium when present in high 
concentrations in the gro\\ th medium. The AM fungi retain these adverse elements in their 
mycelium and prevent their transfer to the plant shoot. Thi often leads to an increased 
gro\\ th of mycorrhizal plants on soils contaminated with harmful elements (Zhang et al.. 
2009). One study on eggplant indicated that AM fungal inoculation can decrease toxicity of 
arsenic, and at the same time increase plant growth and nutrient uptake into the shoot (Elahi 
et al.. 20 \ 0). The physiological mechanisms of AM fungal host protection from harmful 
elements in the soil are not completely understood yet. 
1 .3 Arbuscular mycorrhiza development and functioning under saline soil 
conditions 
1 .3. 1 Arbuscular mycorrhizal fungi in saline soils 
Arbuscular mycorrhizal fungi have been reported to be fonned in naturally saline 
environments (Heikham et al., 2009). Allen and Cunningam (1983); Ho (1987) and Wang et 
al. (200�) have reported that the most commonly observed AM fungal species in saline soils 
are of the genus Glomus (Heikham et aI., 2009). Barrow et al. (1997) and Carvalho et al. 
(2001) reported that a low density of AM spores in saline soils, while other investigators 
observed the formation of high numbers of AM spores under saline soil conditions 
(Aliasgharzadeh et aI., 2001). Tressner and Hayes (1971) have suggested that high numbers 
of AM spores observed in saline environments might be the result of increased sporulation 
of AM fungi in response to salt stress. McMillen et al. (\998) have reported about 
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decreasing AM spore germination and hyphal grov.rth under salt stress, and Aliasgharzadeh 
et al. (2001) suggested that this decrease in spore gelmination might be a reason for high 
numbers of spores in sal ine soils. He also found that spore densities can be reduced by 
increased availability of soil Mg, Ca and CI, as well as a high clay content of the soil. 
Aliasgharzadeh et aL (200 I )  also have reported that increasing EC values, SAR and SO.t 
concentrations reduce the abundance of AM spores. An increasing proportion of sand in the 
soil has been shown to promote AM fungal sporulation (Aliasgharzadeh et aI., 2001). In 
general, salinity can directly affect AM fungi and reduce the fungal development (Tian et 
aL 2004; Sheng et al.. 2008). Giri et al. (2007), Juniper and Abbott (2006) and Sheng et aJ. 
(2008) have reported that in presence of NaCI in the soil root colonization by AM can be 
reduced. while a few studies have reported that AM colonization is not reduced in response 
to salinit) (Levy et aI., 1983; Hartmond et al., 1987, Aliasgharzadeh et aI., 2001; Yamato et 
aL 2008). It has been reported that negative effects of NaCI on AM fungal root colonization 
can be due to delayed spore germination, rather than prevention of spore germination 
(Cantrell and Lindermann, 200 I; Juniper and Abbott, 2006). The type of the salts present in 
the soil will affect the rate of AM gennination as well. For example. Juniper and Abbott 
(1993) have shown that if the soil was saline with NaCI the germination rate of AM spore 
\vas faster than when the soil salinity was due to KCI with the same EC for both salts. The 
length of hyphae is reported to be reduced in presence of salinity (Cantrell and Lindennann, 
200L Juniper and Abbott, 2006), or in presence of an elevated EC value (Jahromi et aI., 
2008). Juniper and Abbott, (2006) have shown that if the spores are prehydrated prior to 
germination, the percentage of their gem1ination will be higher compared to non­
prehydrated spores in a saline environment, suggesting that in saline soil, AM fungi might 
suffer from a decrease in water uptake. 
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1 .3.2 The contribution of arbuscular mycorrhizal fungi to host plant 
performance in saline soil 
e\ eral researchers have reported that plant that ""ere inoculated with AM fungi grey\ 
better in aline soil than non-inoculated controls (Al-Karaki, 2000; Cantrell and Linderman. 
2001: Giri et a!.. 2003; annazzaro et aI., 2007; Zuccarini and Okurowska. 2008). As an 
example. AI-Karaki (2000) demonstrated that in saline soil, root colonization by AM fungi 
increased hoot and root dt) \veight, fresh fruit yield. fruit ""eight and fruit number in 
tomato plants. The mechanisms of these effects are not yet understood. An improved uptake 
of nutritional elements such a p, N. Ca and Mg from saline soil by AM colonized plants 
might be one of the mechanisms involved (Sharifi et al., 2007). Plants with an improved 
nutritional status might be better able to counteract toxic effects of NaCI. On the other hand, 
the carbohydrate demand of the AM symbiosis might also compete with energy-demanding 
efflux or compartmentalization of a + and cr in the root tissues. A contribution of the AM 
symbiosis to plant water acquisition or internal water use efficiency under salinity has also 
been suggested (Graham and Syvertsen, 1984). Mycorrhizal plants also have been sho'Wn to 
take up less a + and cr compared \\ ith nonmycorrhizal controls. and/or to trans locate less 
of these harmful elements into the shoot (Allen and Cunningham, 1983; Zuccharini and 
Okurowska. 2008). Whether this is an indirect effect of an improved nutritional status. or 
due to sequestration of these harmful elements within the AM mycelium, is not known to 
date. In the past. interactions between AM fungi and NaCI have received relatively little 
attention in research (Ghazi and Al-Karaki, 2006). The effect of elevated NaCI 
availability on the gro\\1h and nutrient uptake activity of the extraradical AM mycelium has 
not yet been studied in much detail. 
Some studies have shown that AM fungal strains differ in their salinity tolerance. For 
example, Porras-Soriano et al. (2009) have shown that Glomus mosseae was the most 
efficient fungus in alleviating the detrimental effect of salinity on olive trees compared to G. 
intraradices and G. claroideum. The beneficial effect of G. moseae was most likely due to 
its contribution to plant K+ acquisition from saline soil. 
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1 .4 The aim of this study 
On man) soils in arid and semi-arid environments such as the UAE, plant performance is 
limited by high salinity levels. Increasing levels of NaCI result in plant growth depressions, 
mainl� due to a decreased ability of the plants to acquire nutritional elements and water, as 
\\ ell as direct toxicity of Na + and CL Negative effects of high concentrations of NaCI in the 
growth medium on AM spore germination and hyphal growth have also been observed 
(McMillen et aL 1998). Nevertheless, AM fungi naturally occur in saline soils (Harisnaut et 
al., 2003; Yamato et aL 2008). and even some halophytes have been shown to be AM 
colonized (BrO\;vn and Bledsoe, 1 996). The aim of the present study was to investigate the 
physiological mechanisms by which AM fungi confer salt tolerance to their host Wedelia 
trilobara (L.) from the Compositae family. We also aimed at investigating whether the AM 
symbiosis \vould facilitate host plant root growth in saline soil, and whether mycorrhizae 
\\ ou Id affect evapotranspiration and water use efficiency of Wedelia trilobata exposed to 
salinity. In order to test the hypothesis that AM fungal mycelia contribute to nutrient uptake 
from saline soil. compartmented planting pots were used. These aimed at comparing the 
contribution of roots and AM mycelia to plant nutrient uptake from soils of different salinity 
levels. 
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Chapter 2: Materials and Methods 
In this e:-..periment mycorrhizal (+AM) or non-mycorrhizal (-AM) Wedelia ur/ede/ia 
rrilobala. syn. Sphagl/eticola trilobata L. PRU KI) plants were grown in planting pots \\ ith 
one inner and one outer compartment. The compartments were created by placing a small 
round plastic planting pot into the center of a larger one (Fig 2.1). The plants were grown in 
the inner pot. \\ hich had a perforated \\ all that allov.ed either roots and fungal hyphae (RH). 
or on I} h} phae (H) to penetrate and to access the outer compartment. Both compartments 
were filled \\ ith soil. The soil in the inner compartment had a low fertilization level and was 
not contaminated \"ith salt at the time of planting. The soil in the outer compartment \\ as 
fertilized at a higher rate and was mixed either with 1200 mg (medium salinity) or with 2200 
mg (high salinity) aCI kg'\ dry soil. Control treatments remained without salt application 
(non-saline). To generate +AM and -AM plants, wedelia stem cuttings were precultivated 
for six weeks in cell trays containing soil that was either or not mixed with AM fungal 
propagules. Thereafter. the plants were transferred to the compartmented planting pots. Four 
replicates \vere prepared of each treatment. All planting pots of the three-factorial experiment 





Figure 2.1: Compartmented planting pots used in the present study. The picture shows the 
wedelia plants at the time of transplanting into the inner compartments. 
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2.1 Soil preparation for precuItivation of mycorrhizal plants 
The soil which was used for precultivation in this experiment was taken from the upper 30 
em of sand dunes in the 'AI Bateen' area in Al Ain. UAE. The soil had not been cultivated 
before. Eight kg of sand were used for precultivation in total. 
The soil was oven dried at J 05° C for 16 hours .This ensured that indigenous AM fungi were 
el iminated prior to the use of the soil for the experiment. After this heating period the sand 
\\ as left to cooL and then it was passed through a 1 mm mesh sieve. The soil used for 
preculti\ ation (� kg \\ ere prepared for the -AM plants) was fertilized with nutrient salts in 
mineral fonn (Table 2.1). Soluble salts containing nitrogen (N), potassium (K), magnesium 
( 19), iron (Fe). zinc (Zn). copper (Cu) and phosphorus (P) were mixed with 700 ml of 
distilled water and stirred for complete dissolution. Amounts of P were comparatively low. 
in order to encourage mycorrhization. The nutrient solution was added to the four kg of oven 
heated and sieved dune sand. and was mixed and kneaded very well in a big clean plastic 
tub. ext. 1 kg of AM fungal inoculum 'BioMyc Vital' which is available through the 
Emirates Biofertilizer Factory was thoroughly mixed with that four kg dry soil portion 
resulting in a total of five kg fertilized and inoculated soil. The carrier material for AM 
propagules in the inoculum was an expanded clay substrate and the fungal strain was of the 
species Glomus ;ntrarad;ces. 
Table 2. 1  Fertilization rates for the different nutritional elements, and the applied 
form. 
Element Applied form mg of element 
Ikg dry soil 
�N03 200 
P KH2PO� 20 
K K2S04 200 
Mg MgSO�.5H20 100 
Fe Sequestrene 20 
Zn ZnS04.5H20 10 
Cu CuS04.5H2O 10 
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2.2  Soil preparation for precultivation of nonmycorrhizal plants 
Another port ion of -+ kg 0 en heated and sieved sand from . A l  Bateen' was used for 
precult ivation of -AM plant . One kg of 'B ioMyc Vital' was mixed w ith 2000 ml of water and 
sti rred in a beaker before thi mixture w as passed through Blue Ribbon fi lter paper to separate 
the l iquid from the e:\.panded c lay partic les .  When the fi ltrate was not completely c lear it was 
pa ed through fi lter paper another t ime. By this process sma l l  microbes that might have been 
present in the 'B ioMyc Vital' were tlushed in to the fi ltrate, whi le  larger AM propagules were 
held back. b) the fi lter. The fi ltrate was used later as irrigation water for -AM treatments. This 
ensured that +AM and -AM treatments were only d ifferent with respect to the presence of 
A L \\ hereas the rest of the soi l  microtlora was s imi lar. 
The ' B ioMyc V ita l' granu les remain ing after fi ltrat ion were dried and steri l ized in a drying 
oven at 1 05° C for 1 6  hours before they v ,  ere mixed with 4 kg of oven heated, s ieved soi l  in 
a tub. Thereafter the soi l  \\as fert i l ized w ith the same amount of nutrients as app l ied to +AM 
treatments (Table 2 . 1 ) . The nutrient salt was d issolved in 700 m l  of d isti l led water and was 
added to the -AM soi l  in a c lean p l astic tub and kneaded and mixed properly to prov ide a 
unifonn damp soi l .  
2-3 Plant precultivation 
Wedel ia stem cuttings of approximate ly 4 cm length were obta ined from one mother p lant. 
Each cutt ing had 3 -4 fu l ly expanded leaves, which  were cut to half of their size in order to 
reduce transpi rat ion. The cuttings were transferred to ce l l  trays w ith 50 ce l l s  ( 5xl 0) .  Each 
ce l l  had a volume of 60 cm3 ( 3 . 1 x 3 . 1  x 6.2 cm). The hole in the bottom of each ce l l  was 
sealed w ith strong adhesive t i ssue tape from ACE Hardware ( 1  i nch  wide) to avoid of loss of 
soi l .  Then each tray was fixed onto a 2 cm thick styrofoam p late of the same size of the tray 
using double adhesive tape to risen the height of each tray above that of greenhouse table. 
This was done to assure that water droplets eventual ly dra in ing from the ce l l s  of +AM 
treatments \\ ould not infect the -AM treatments through the bottom of the trays when placed 
next to each other in the greenhouse. 
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Each of the cel l s  \ .. as fi l led with 92 g of dr) soi L  either or not inocu lated with AM.  One 
hundred ce l l s  w ere prepared for each AM inocu lation treatment. One wede l ia cutt ing was 
inserted in the center of each ce l l  at a depth of 2 cm. Immed iately after planting each +AM 
cel l  \\ as i rrigated \\ ith 1 0  ml of deion ized water, \\ hereas the -AM cel l  trays rece ived 1 0  ml 
of the fil trate prepared from the 'BioMyc V ital '  inocu lum in  the previous step. A l l  the trays 
were kept next to the \" indo\\ in the Hort icu l ture Laboratory of UAE Un iversity at 
approx imate ly 25° C for around two weeks. unti I the cutt ing had developed new roots and 
sho\\ ed expansion of the youngest leaves. Thereafter the trays were transferred to a shade 
house at the UAEU Al J imi  campus. The p lants were grov, n for another four weeks unt i l  
the) \\ ere transferred to the compartmented pots on  the 26  t h  of  Apri l 20 1 1 .  The trays were 
i rrigated \\ ith 1 0  m l  of deion ized water per ce l l  da i ly .  The -AM treatments received the 
'B ioMyc V ital '  ti ltrate instead of deionized water for i rrigation. unt i l  it was used up. 
2 .4  Preparation of the compartmented planting pots 
Latt iced pots of 7.2 cm in  inner d iameter and 7. 5 cm in height were used as inner 
compartments. The bottom of each latticed pots was sealed properly w ith strong t issue tape 
from ACE H ardware to avoid loss of soi l .  To restrict access to the outer compartment to 
fungal hy phae. the latticed \\ a l l  of the inner planting pot was covered with a 30 /-lln mesh 
membrane ( Sefar N itex 03-301 1 8, Sefar Switzerland ) .  In treatments where roots and hyphae 
were a l lo\\ ed to access the outer compartment, the latticed wal l  was covered by a l ayer of a 
2 mm polyamide net ( Sefar N itex 08-2000/4� Switzerland) from the inside.  To prepare the 
membrane cover for the H -pots. the d imensions of the inner side of one of the latticed pots 
v, as measured and a template was produced out of th ick paper that corresponded to its 
shapes. The latter was used to cut p ieces of membrane and the 2 mm mesh that wou ld 
exact ly fit into the pot to cover the wal l  when ro l led up l i ke a cyl inder. One layer of the 2 
mm mesh and one l ayer of the membrane were p laced ins ide of every pot to cover the wal l  
from inside. w ith the membrane fac ing to the inner s ide of the pot . A second layer of the 
membrane was fixed to the pots from the outside, using k itchen s i l icone ( DAP, ACE 
Hardware) .  For this purpose. g lue was appl ied around the neck of each pot, around the 
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bottom ring and a long a vert ical l i ne on the side of the pot. This wou ld ensure that roots 
\\ ere unable to fi nd their way into the outer compartment . The 2 mm mesh bet\', een the two 
layers of membrane \\ as meant to prov ide an air  gap that wou ld impair the flux of solutes 
between the inner and outer compartment of each p lanting pot . 
The latt iced pots were transferred to the centre of conventional round plastic p lanting pots (= 
outer compartment Poeppe lmann TEKU VZB 1 5 , Germany) with a volume of J .5 l i t .  
Dra inage holes in the bottom of each pot were sea led w ith strong plastic tape from ACE 
Hardware. The space around the inner compartment was fi l led with fert i l ized soi l  (Table 
2 .2). and then one wedel ia  p lant was transferred from the cell tray in to the center of each 
inner compartment. along \V ith some add it ional soi l .  The soi l  for the outer compartment was 
brought from the UAE Un iversity Experimenta l Farm in 'A I  Foah',  five k i lometer away 
from Al -Ain city . Each pot rece ived \ .3 kg of dry soi l .  As four rep l icates were prepared for 
each treatment, 62.5 kg were required for the tota l of 48  compartmented pots, but more soi l 
\\ as prepared to compensate for eventual losses ( 72kg). Prior to its use in the experiment, the 
soi 1 \\ as heated in the oven for 1 6  hours at 1 05 °C, then was coo led and sieved through a 
mesh size of I mm. For fert i l ization, the tota l amount of dry so i l  was d iv ided into port ions of 
8 kg. The nutrient salts were m ixed and d issolved in 500 m l  of deion ized water and added to 
every 8 kg of the soi l in a tub. N ine soi l  portions were fert i l ized in order to prepare 72 kg of 
experimental so i l .  The soi l in the outer compartment was treated with NaCI in order to 
establ i sh three d ifferent sa l in i ty levels, zero sal in ity, medium sal in ity, or h igh sa l in ity . This  
sal in it) was obtained by so lv ing NaCl in  200 m l  of d ist i l led water for every 8 kg portion of 
the soi l  (Table 2 .3) .  Each sa l i n ity leve l  was assigned to 16 pots. Of these, eight pots were of 
the root and hyphae ( RH )  treatment ( four pots w ith -AM and four pots w ith +AM p lants), 
and another eight were of the hyphae treatment ( H ) . Each pot was given a number which 
was written on each outer compartment. The space between inner and outer compartment 
", as then fi l led w ith soi l  of the correspond ing sa l i n ity treatment . The inner compartments 
"' ere i nstal l ed in a way that their upper rim was 2 cm h igher than the level of the soi l in the 
outer compartment. The outer pots were fi l led w ith 1 400 g moist soi l .  The pots were set up 
in  the greenhouse complete ly random ized . 
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Table 2.2 Rate of nutritional e lements fe rti l ized to soi l  in the outer compartment, and 
the appl ied fo rm 
Element mg of e lement I Appl ied form g of the alt  I 
kg dl) soi l  k g  dry soi l  
1 50 N H4 OJ 0.429 
P 1 5  K H2 PO-l 0.0659 
K 200 K2 04 0 .446 
Mg 1 00 MgSO-l . 7H20 1 .0 1 4  
Fe 20 Fe-E DTA 0. 1 6  
Zn 1 5  ZnS04 .7H20 0 .0659 
Cu 1 0  CuS04.5 H20 0.039 
Tab le 2 .3 Salinity level of the soi l  in the outer compartment 
Sal in i ty level  Weight of aC I Ikg soi l  E C  value in  1 : 2 water 
extract 
Zero 0 1 .08 
Med ium 1 200 mg/kg 2 .05 
H igh 2200 mg/kg 2 . 84 
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2 .5  Transfer of plants and growing cond itions 
To ti l l  up the inner compal1ments \\ ith growth substrate, 20 kg soi l  from the 'AI Foah ' farm 
\\ a oven heated for 1 7  hours at 1 05 °C, and half of it \\ as inocu lated w ith ' B ioMyc Vita l '  
(+A I ) . For the -AM treatment the inoculum was heated in the oven for 1 7  hours a t  1 05 °C 
and then \\ as added to the soi l .  Prior to heat ing it was mixed with water and fi ltered to 
extract o i l  m icrobes other than AM fungi,  as described above. I n  total 340 g inoculum was 
used for 20 kg o i l .  The o i l  for the inner compartment was fe!1 i l ized prior to mix ing \\ ith 
' ByoMyc Vita l '  (Table 2 .4 ) . The nutrient salts were solved in 1 800 ml deion ized water and 
added to the soi l .  The inner compartments were fi l led \\ ith 1 80 g of this so i l .  Un iform p lants 
\\ ere e lected from the ce l l  trays of +AM and -AM and were p lanted into the center of inner 
compartments on 26/0.+/20 I I . P lants from the cel l trays were transferred with a root bale of 
60 g of moist soi l .  The tota l weigh of the inner compartment with the plant after 
transplanting \\ as 300 g. The water content of the soi I in both compartments was ra ised to 20 
�o ( \\ 1\\ ) after transplant ing. The pots were i rr igated with 25 m l  of deion ized water da i ly .  
After t\'v o days the pots were transferred from the Hort icu lture Laboratory to the shade 
house at the col lege of Food and Agricu lture Campus, where the da i l y  amount of added 
water \vas increased to 1 00 m l  dai ly .  The i rrigation water was d istributed over the inner and 
the outer compartment in order to establ ish a homogeneous so i l  moisture accord ing to v isual 
appraisal .  T\\ enty-one days after transplanting ( DAP) the plants were transferred to an air­
cond itioned greenhouse at the ' A l  Foah' fann w ith an average temperature of 3 5 °C during 
the day and 28 °C during the n ight. From this moment on the plants were i rrigated accord ing 
to their demand. Daily water loss from the pots was est imated gravimetrica l ly and it was 
replaced . Th irty DAP the outer compartments were fert i l ized another t ime with 1 00 mg N 
(N fu 03), 30 mg P ( K H:!Po.�) and 1 0  mg Fe ( Fe-EDTA) per kg dry soi l  on 25 /Mayl 20 I I . 
The gro\\1h period in  the compartmented pots lasted for 6 1  days, and the plants were 
harvested on 26/06/20 1 1 . 
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Table 2.4 Rate of nutritional elemen ts appl ied to oi l used fo r the i n ner 
co mpa rtment , and the appl ied for m  
E lement Amount of the Appl ied fonn 
e lement t..g d r} soi l  
1 00 N H4N03 
P 1 0  KH2P04 
K 200 K2S04 
Mg 1 00 Mg 04. 7H20 
Fe 25 Fe. EDTA 
Zn 1 0  ZnS04 .7H2O 
C 1 0  CuS04.5 H2O 
2.6 Data collection 
Between 23 and 6 1  DAP the da i ly evapotranspiration from the p lanting pots was assessed 
every h\ O and four days gravimetrica l ly .  The shoot length was measured w ith a ru ler along 
the main shoot axis  as \\ e l l  as latera l  branches on 23, 3 5 ,  42. 49 and 56 DAP. Leaves \, ith a 
m idrib longer than 1 cm were cons idered as 'fu l ly expanded ' .  Counting of these leaves was 
done on the same dates of the shoot length measurements. At the harvest date, 6 1  DAP, the 
data for the fresh leaf \\ eight. fresh stem weigh. shoot length. as wel l  as the number of 
leaves smal ler and larger than 1 cm \\ as col lected . The d ry weight of the shoot parts was 
assessed after the plant materia l  was dried for one week at 65 °C in a drying oven . The root 
compartments were left to dry in the greenhouse for one week before the soi l  was passed 
through a 1 mm s ieve and root pieces were col lected using forceps. The roots obtained from 
the inner and from the outer compartment were stored for two days in a drying oven before 
their dry weight was assessed. The A M  mycel i um within the co l lected roots was then 
stained with b lue ink ( Pe l ican, Germany) and v inegar accord ing to the method of Vierhe i l ig 
et a 1 .  ( 1 998) .  Prior to sta in ing the roots were a l lowed to soak in water for 1 0  min .  The AM 
fungal colonized root length was  assessed by a mod ified l i ne intersection method (Tennant, 
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1 97 5 :  Konnan ik and Mc Graw , 1 982) .  The EC value of the soi l  from the inner and outer 
compartments \\as measured w ith a conductiv i ty meter (CM- I I 7. Kyoto E lectronics. Japan) 
in the e",tract of one part of soi l  with two parts of water (w/w). after shak ing for one hour 
\" ith a shaker. The extract was fi l tered through B lue Ribbon fi lter paper before 
concentrat ions of Ca and a "  ere measured by a flame photometer ( B WB - l ,  BWB 
Technologies. U K) .  To measure P concentrat ions in the shoot, 0 .3  mg of ground dried shoot 
materia l  w ere dry ashed at 550 °C in a muffle furnace. The ash was further oxidized by 
addit ion of 5 m l  1 :3 d i luted HN03 and subsequent evaporat ion of the acid on a hot p late. 
The samples were taken up into 25 ml of 1 : 30  d i l uted HC I  and fi ltered through B lue R ibbon 
fi l ter paper before e lement concentrat ions were measured . Phosphorus concentrations were 
est imated colorimetrica l ly with a spectrophotometer (6320 D, Jenway, UK)  at 436 nm 
wavelength after sta in ing with ammon ium-mo lybdate-vanadate so lut ion (Gericke and 
Kunn ies, 1 952) .  Concentrat ions of Na, K and Ca were measured by a flame photometer 
( BWB- l ,  BWB Technologies. UK).  
2.7 Statistical analysis 
Statistics were calculated using the S igmaStat 3 . 5  programme ( STA TCON, Germany). Data 
obtained from th is  experiment was tested for normal d istribution by the Kolmogorov­
Smirnov test . Equal variance was tested by checking the variabi l ity about the group means. 
Provided that both tests resu lted in P values above 0.05, the data was subjected to One, Two 
or Three Way Analysis of Variance ( ANOVA). Values in percent were arcs ine square root 
transfonned prior to statist ical analysis. 
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Chapter 3 :  Results 
3. 1 Plant development and evapotranspiration during the growth period 
3. 1 . 1  Growth of shoot length after transplanting 
The length of p lant shoots \\ as measured at 23 , 35 , 42, 49, 56 and 6 1  DAP in cm for +AM 
and -AM p lants ( F igure 3 . 1 ) . The resu lts ind icated that +AM plants had longer shoots 
compared to corresponding -AM plants at a l l  measuring dates ( P  < 0.05) .  when soi l  in the 
outer compartment was not sal ine and the access ib i l ity was w ith hyphae only.  When the 
sa l in ity level increased to med ium, the +AM p lants with accessi b i l ity of the outer 
compartment to root and hyphae had longer shoots compared to the corresponding -AM 
p lants at 35  and a lso 42 DAP .  At h igh sa l i n ity the -AM and +AM p lants d id not s ign ificant 
d iffer in their shoot length. Accord ing to the resu lts of the Three Way ANOYA performed 
on the total shoot length i ncrement between 23 and 6 1  DAP, A M  inoculat ion, sa l i n ity and 
access ib i l ity to outer compartment s ign i ficantly affected the mean values, but no interactive 
effects on the total plant shoot length  were detected (Table 3 . 1 ) . 
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Figure 3. 1 Shoot length  measured during the second half of the growth period i n  cm per 
p lant. Sho\\ n are the mean val ues. Mean values obtained for mycorrh izal p lants fol lowed by 
a star are s ign ificantly d i fferent from those of the correspond ing non-mycorrh izal contro l (t­
test. P < 0.05) .  Va lues for non-mycorrh izal p lants grown under h igh sa l in ity level and with 
root access to the outer compartment are not shown, because most of these plants died 
during the first ha lf of the growth period . 
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3. 1 .2 N u mber of leave after planting 
The total number of leave larger than 1 cm along their midrib was measured during the 
plant growth period at 35 ,  42, 49, 56 and 6 1  DAP.  The tota l number of new leaves formed 
bet\\ een 3 5  and 6 1  DAP ind icated that +AM plants under no sa l in i ty and \\ ith hyphal access 
to the outer compartment produced more new leaves compared to the corresponding -AM 
plants ( F igure 3 .2 ) .  The +AM plant under med ium sal in it) a l so s ign ificantly produced more 
ne� leaves compared to corresponding -AM plants when they had access to the outer 
compartments \\ ith both, roots and hyphae ( Figure 3 .2 ) .  S im i lar with the shoot length, no 
leaf gro\\1h promot ion in response to AM inocu lation could be detected under h igh sa l in i ty 
le\ e ls  (Table 3 . 1 ) . 
Table 3. 1 Results of the Three Way ANOVA performed on data obtained for the total shoot 
length increment, and the tota l increase in leaf numbers between 23 and 6 1  days after 
p lanting. p-\ a lues indicat i\  e of a s ignificant effect ( P  < 0.05 )  of factors are printed in bold .  
Data obta ined for p lants grO\\ n under h igh sa l i n ity level was not inc luded into this analysis. 
Factor 
Mycorrhizal root colon izat ion 
SaJ i n it)' (non-sa l ine vs .  med ium sa l in ity) 
Access ib i l ity of the outer compartment 
I nteractions bet\veen the factors 
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Figure 3.2 The number of leaves longer than 1 cm along the midrib counted during the 
second half of the growth period. Shown are the mean values for leaves number > 1 cm per 
plant. For stat istics see F igure 3 . 1 .  Mean values fo l lowed by * are s ignificantly d ifferent 
from corresponding values for non mycorhh izal p lant ( t-test, P< 0 .05)  
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3. 1 .3 Plant evapotranspiration d u ring growth period (ET) 
Evapotranspiration ( ET) is the tota l water lost by transpiration and evaporat ion from plant 
and so i l .  The da i l )  ET (m l/p lant/pot)  \\ as measured every two to four days gravimetrica l ly 
bet\\ een 23 and 6 1  DAP.  The tota l amount of water lost by ET between 23 and 6 1  DAP was 
s l ightl) dec reased b) increas ing sa l in i ty, but there was no significant d ifference depend ing 
on ,\ hether plants w ere AM colon ized, or not ( F igure 3 . 3 ) .  The access ib i l ity of the outer 
compartment a lso had no sign ificant effect on the tota l ET. Curves for the average dai ly ET 
during grow1h period ind icated that from 3 1  to 37 and from 4 1  to 42 DAP +AM plants had a 
h igher ET compared to corresponding -AM plants when access ib i l ity to the outer 
compartments was with hyphae, and the so i l  was non-sa l i ne .  In a l l  other sa l in ity and 
access ib i l ity treatments. however, there were no sign ificant d i fferences between +AM and -
AM plants in da i ly ET (F igure 3 .4) .  
P lants grown i n  presence of outer compartments that conta ined non-sal ine soi l  had h igher 
dai ly rates of evapotranspiration compared with the sa l i n ity treatments a l l  through the 
second half of the gro\vth period. P lants genera l ly d id not d iffer in dai ly evapotranspi ration 
depending on whether the sa l in ity level in  the outer compartment was med i um or h igh. The 
mean dai ly evaporation tended to decrease towards the end of the growth period, and there 
were no sign ificant d ifferences between the transpiration curves depend ing on whether root 
gro"\1h was restricted to the inner compartment, or not . 
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Results of the Three Way ANOVA perfonned on data obtained for p lants of the non-sa l ine 
and the medium sa l in ity treatments: 
Factor 
Mycorrh izal root colon ization ( Myc) 
Sal i n ity ( non-sa l ine vs. medi um sa l in ity; Sal)  
Accessib i l ity of the outer compartment ( Ace) 
o significant interactions 
P-value 
0 . 5 1 5  
< 0.00 1 
0. 1 85 
Figure 3.3 Tota l Evapotransp iration from the pots between 23 and 6 1  DAP in m l  per pot . 
Shown are the mean values ± standard deviation .  ( * ) shows the data could not accessed due 
to dead p lants. The table shows the resu lt of Three Way ANOYA that was perfonned on 
data obtai ned for the non-sa l i ne and the medium sa l in ity treatments . P-values ind icative of a 
s ign ificant ( P  < 0 .05)  factor effect are printed in  bold. ( 0 ) ind icates a s ignificant d ifferences 
bet'-veen + AM and - AM p lants in ET. The tab le ind icates the s ign ificant effect of sal i n ity 
on ET but no significant interact ion between the factors was detected. 
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Figu re 3.4: Average dai ly evapotranspiration in m l  per planting pot between 23 and 6 1  days after p lant ing ( DA P). Shown are the mean va lue 
averaged over the given t ime intervals .  The * ind icates a s ign i ficant d i fferences between +AM and corresponding -A M plants. 
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3.2.  Soil salinity levels and water extractable Na and Ca at the time of 
harvest 
The a l i nit) of the soi l in the inner and outer compartments \\ as measured after the p lants 
w ere han ested . The results indicated that in a l l  treatments the EC value in the outer 
compartment had decrea ed by the end of the experiment compared with the orig ina l  value at 
the t ime of set-up. At the same t ime the EC value in the inner compartment was as h igh or 
e\ en higher a in the outer compartments. This shift in sa l in ity from the outer to the inner 
compartment \\ as particu larly pronounced in the mycorrh izal p lants grown in 30 flm mesh 
compartments, \\ here medium and h igh sal in ity treatments showed a much h igher EC value in 
the inner compared \\ ith the outer compartments by the end of the growth period. I n  most 
other treatments the grad ient in the sa l i nity level between the inner and the outer compartment 
that \\ as establ ished at the beginning of the experiment appeared to have van ished by the end 
of the growth period, and sa l in ity levels in the inner and the outer compartment were s imi lar 
( F igure3 . 5 ) . Accord ing to the Three Way ANOYA, al l -AM plants of the zero or med ium 
sa l i n i t) treatment had h igher EC value in inner compartments compared to corresponding 
+AM p lants at  the end of the experiment ( F igure 3 . 5 ) .  
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Figure 3.5 E lectrical conductiv ity of the soi l  extract in  mS cm- 1 in  the inner and outer 
compartment. Shown are the mean values ± standard deviation. The numbers above the bars 
show the outer/inner ratio of the EC. The arrows ind icate the original EC values of the 
d ifferent sal i n ity treatments est imated for the soi l  in the outer compartments at the beginning 
of the experiment. The Three Way ANOYA was performed on data obtained for the non­
sal i ne and the medium sal in ity treatments. P -va lues ind icative of a s ign ificant ( P  < 0.05 ) 
factor effect are printed in bold .  
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The e:\.lractable sodium a) and ca lc ium (Ca) in the soi l  in the inner compartments a lso was 
measured in a I 12 so i l  to water extract .  The resu lts of Three Way ANOYA ind icated that 
there \\ ere no ign ificant d i fferences between +AM and -AM plants in the water extractable 
a and Ca content of inner compartments . l ncrea ing sal in it) in the outer compartment a lso 
increased the extractable a in the inner compartments considerably .  The extractable Ca 111 
the inner compartment wa a l 0 increased in  respon e to a l i n i ty (F igure 3 .6)  . 
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Factor Extractable Na 
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Fig u re 3.6 Water-extractable sodium and calcium in the soil in the inner compartments at the t ime of 
harvest. Shown are the mean values ± standard deviation . Mean values for corresponding mycorrhizal 
and non-mycorrhizal plants were compared by a t-test, but no significant (P < 0.05 ) differences were 
detected. The table shows the results of tbe Three Way ANOV A performed on the data obtained for 
non-sal ine and medium salin ity treatments. P-values indicati ng a significant effect of factors are 
printed in bold.  
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3.3. Plant dry weight at the time of harvest and water use efficiency 
3.3. 1 Plant dry weight at the time of harvest 
Mycorrh izal root colonization had a significant ly positive effect on the total p lant dry weight 
at the time of harvest ( F igure 3 . 7 ) .  Th is  effect was part icu larly pronounced in p lants that gre\', 
in absence of sa l in ity and had access to the outer compartment only by hyphae, as wel l  as in 
p lant of the med ium a l i n ity treatment \ ith roots and hyphae access ing the outer 
compartment. When roots and hyphae had access to the outer compartment, p lant growth was 
genera l l )  larger compared w ith corresponding treatments that accessed the outer compartment 
on I) b) hyphae. Sa l in ity had a negat ive effect on plant growth, i rrespect ive of AM fungal root 
colon izat ion . 
Sa l i n ity a lso increased the proport ion of leaves lost over the growth period, i rrespective of 
\, hether the p lants ", ere mycorrh iza l ,  or not ( Table 3 .2 ) .  The access ib i l i ty of the outer 






3 5  � 
Q) 
Q. 3 0> 
� 2 5  
E 






0. 0 5  
ro 
� 0 




Hyphae Hyphae Hyphae Hyphae 
+ Roots + Roots 
Medium salinity H igh  salin ity 
Results of the Three Way ANOVA perfomled on data obtained for ' non-saline' and ' medium salinity' 
treatments: 
Factor P-val u e  
Mycorrhizal inocu lation < 0.00 1 
Soi l  sal inity level ( non-sa l ine or medium sal in ity) 0.06 1 
Access ib i l ity of the outer compartment 0.028 
No sign ificant interactions between the factors 
Figu re 3.7 Total p lant dry weight at the t ime of harvest in g per p lant. Shown are mean values 
± standard deviation. Lost leaves over the growth period were inc luded into these values .  P­
\ a lues ind icat ing a significant effect of the factors are printed in bold .  The , , * ., ind icates that 
no data was obtained for this treatment. Mean values for mycorrhizal p lants fol lowed by a 
". " have s ign i ficant ly more weight compared to correspond ing non -mycorrh izal wedel ia  
p lants ( t-test; P < 0.05) .  
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Table 3.2  D ry w eight  of fa l len leave i n  percent of the tota l leaf d ry weigh t 
Non- al ine soi l  Medium sa l in ity 
H) phae Roots + H yphae 
Hyphae 
o Myc. 5 .08 8 .25 37 .03 
± 5 .08 ± 7 .8 1 ± 32.05 
Mycorrhizal 1 .2 1 1 .3 1  1 2 . 7 1 
± 3 . 82 ± 2 .28 ± 1 4 .09 
* These \alues could not be assessed 
Results of the Three Way ANOY A :  " 
Factor 
Mycorrh izal root colon ization 
Sal in it} ( non-sa l ine vs. medium sa l i n ity 
Accessi bi l it}, of the outer com partment 




± 6 .76 
1 2 .35  





H igh sa l in ity 
Hyphae Roots + 
Hyphae 
39 .87 * 
± 1 1 . 78 
26.22 1 0 . 1 9  
± 4.08 ± 1 4 .4 1 
The upper table shows the dry weight of fal len leaves during growth period i n  percent of the 
total leaf dry weight. Shown are the mean values ± standard dev iat ion.  The lower table shows 
the results of the Three Way ANOYA perfonned on the data obtai ned for non-sa l ine and 
medium sa l i n ity treatments. P-values ind icat ing a s ignificant effect of one of the factors are 
printed in bold . 
3.3.2. Shoot/Root ratio at the time of harvest 
The dry weight of roots was s ignificantly decreased in response to sa l i n ity in a l l  treatments 
(data not shown), whi le  growth of the shoots was affected less. This  resu lted in a significant 
increase in the shoot/root ratio in response to soi l  sal i n ity ( Tab le 3 . 3 ) .  The Three Way 
A OVA performed on data obta i ned for the shootlroot rat io d id not reveal any significant 
effect of A M  fungal inocu lation or the accessi b i l ity of the outer compartment on the mean 
val ues. HO\'v ever, a d i rect comparison of the mean values obtained for mycorrh izal and 
nonmycorrh izal p lants of the h igh sal i n ity treatment with hypha I access to the outer 
compartment revealed a s ignificant ly lower shoot/root ratio for +AM compared w ith -AM 
plants. 
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Table 3.3 T h e  h oot/root ratio at t h e  t i m e  of h a n'e t i n g/p l a n t  
Non-sal ine soil  Medium salinity 
Hyphae Roots + H) phae Roots + 
H)phae Hyphae 
0 1)'c . -+.83 5 . 14 7.68 7.75 
:t: 1.28 ± 0.56 ± 2.25 ± 2.86 
Mycorrhizal 6.6 1 6.38  10 .76 7.34 
± 2.00 ± 0.88 ± 2.32 ± 1.07 
*These values could not be assessed 
Results of the Three Wa) ANOYA : 
Factor P-value 
Mycorrhizal root colonization (Myc) 0.068 
al init) ( non-sal ine \ s. medium sal init)': Sal )  0.002 
Accessibi l it) of the outer compartment (Acc) 0.285 
o significant interactions 
H igh sal in ity 
Hyphae Roots + 
Hyphae 
20.09 · * 
± 1 1 .35 
8.3 1 12.44 
± 1.74 ± 7.9 1 
ho\\ n are mean va lues ± standard deviation. The .. *" indicates that no data was obtained for 
this treatment. Mean va lues for mycorrh izal p lants fol lowed by a " . " are s ignificantly 
d ifferent from correspond ing non-mycorrh izal controls (t-test: P < 0.05 ). P-va lues ind icating a 
s ignificant effect of a factor are printed in bold in  the lower table that shows the results of the 
Three Way A OVA. 
Table 3.4 T h e  d ry weight  of roots in  t h e  o u te r  com pa rt m e n t  in  percen t  of t h e  tota l root 
d ry weight  
on-sa l ine Medium H igh 
soi l  sa l in ity sal in ity 
a Myc . 26.39 7 .97 * 
± 1 4.23 ± 0. 1 0  
Mycorrhizal 37 .60 29.94 6.78  
:t: 22.73 ± 1 7.65 ± 5.02 
*TIlese values could not be assessed 
Results of the Two Way ANOVA 
Factor P-va lue 
Mycorrh izal root colonization ( Myc ) 0. 1 28 
Sal inity (non-sa l ine vs. med ium sal in ity; Sal) 0 .222 
Myc x Sal 0.604 
Sho\\ n are mean values ± standard dev iat ion. The lower table shows the resul ts of the Two 
Wa) A OVA. 
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3.3.3 Water use efficiency during the second half of the growth period 
Water u e effic iency ( WU E)  is the amount of biomass a plant can produce per unit of water 
consumed . In the present experiment, the WUE was calcu lated in gram of total dry weight 
produced per l iter of water lost by evapotranspiration bet\veen 23 and 6 1  days after planting. 
Mycorrh izal root inocu lation had a s ign ificantly positive effect on the WU E.  As compared 
\\ ith non-treated p lants, part icu larly p lants grown under med ium sal i n ity level formed more 
df) \\ e ight \\ ithout requir ing larger amounts of irrigation water when they were mycorrhizal 
( F igure 3 . 8 ) .  A s imi lar effect was observed when p lants grew in absence of sa l ine soi l ,  and 
onl) h) phae had access to the outer compartment. 
o Nonmycorrhizal • Mycorrh izal 
Qi 0.7 c;; :: 0.6 '0 
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Results of the Three Way ANOVA performed on data obtained for 'non­
saline' and 'medlum salintty' treatments. 
Factor P-value 
Mycorrhizal InoculatJon < 0.001 
Soil saltnlty level (non-saline or medium salinity) 0.260 
I Accesslbtlity of the outer compartment 0 059 
No significant InteractJons between the factors 
Figure 3.8 The water use efficiency expressed as the amount of dry weight produced per L of 
water lost b) evapotranspiration between 23  and 6 1  days after p lanting. Shown are the mean 
values ± standard deviation . Mean values for non mycorrh izal p lants fol lowed by a black dot 
are significant ly  d ifferent (P < 0 .05)  from the correspond ing mycorrh izal treatment. The tab le 
shows the resu lts of the Three Way ANOYA performed on data obtained for non-sa l ine and 
med ium sal in ity treatments. P-va lues ind icative of a sign ificant effect of one of the factors are 
printed in bold. 
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3.4.  M ycorrhizal root colonization at the time of harvest 
The extent of AM fungal colon izat ion of roots in the inner compartment decreased as the 
a l in i t) level in the outer compartment increased ( Table 3 . 5 ) . When only hyphae had access 
to the outer compartment AM fungal root colonization was h igher compared vl' ith plants that 
accessed the outer side \\ ith both. roots and hyphae. 
Table 3.5 Tota l root col o n ization by Arbusc u l a r  myco rrh iza in % of total root lengt h  i n  
t h e  i n ne r  a n d  o u t e r  com pa rt m e n ts 
Non-sa l ine soi l  
Hy phae Roots + 
Hyphae 
-+5 .3 30 .3 
hcorrh iza l ± 1 2 . 5  ± 1 1 . 8 " 
Results of Three Way A OYA: 
Factor 
Soil sa l in it} level 
Access ib i l ity of the outer compartment 
Medium sa l i n it) 
H ) phae 
20 
±7 .6  
Roots + 
Hyphae 
1 7 . 5  
± 1 4 .6 
P-value 
0.0 1 2  
0.045 
o significant interact ions between the factors 
H igh sal in ity 
Hyphae Roots + 
Hyphae 
27 .4  1 2 .2  
± 1 8 .3 ±3 .9 
Shown are the mean values ± standard dev iat ion .  The tab le shows the resu lts of the ANaYA 
performed on arcsine square root transformed data . P-values indicative of a significant factor 
effect ( P  < 0.05 ) are printed in bold .  
Table 3.6  Percen tage of A M  fu ngal  root colon iz a tion i n  t h e  o u ter com pa rt m e n t  
on-sa l ine soi l  
Hyphae Roots + 
Hyphae 
Mycorrh izal * 25 .3 
* These values could not be assessed 
hOVv n are the mean values. 
Med ium sa l i n ity 




H igh sa l inity 
Hyphae Roots + 
Hyphae 
* * 
3.5. Shoot uptake of P, K, N and Ca, and concentration of these elements in 
the shoot tissue 
3.5. 1 P uptake in to the shoot 
The results of the Three Wa) A OVA performed on data for the shoot P concentration 
indicate that there \\ a no sign ificant difference between +AM and -AM plants in P 
concentrat ion in the shoots (Table 3 . 7) .  S im i larl) , the total shoot P content remained 
unaffected b) AM fungal root colon izat ion ( F igure 3 .9) .  Sa l in i ty of the soi l  in the outer 
compartment s ign ificantly reduced p lant P uptake into the shoot. and led to 100\ er ti ssue P 
concentrations. When both roots and hyphae had access to the outer compartment, P 
concentrations and contents increased compared \\ ith treatments where the outer compartment 
\' as onl) accessed by hyphae. The sign ificant ly positive effect of access ib i l i ty of the outer 
compartment to roots on tota l p lant P uptake was, hov" ever, much larger when the soi l  in the 
outer compartment was non-sa l ine .  
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Table 3.7  P h o  p horus conce n t rat ions i n  t h e  s h oot tissue i n  mg per g d ry weig h t  
on-sa l ine soi l  Medium sa l in ity 
H; phae Roots + Hyphae 
H) phae 
o Myc. 0 .64 · l .23 0 .38 
± 0.03 ± 0 .2 1 ± 0 .2 1 
Mycorrh izal 0.29 1 .0 1  0.49 
± 0 .0el. ± 0 .23 ± 0.23 
*These va lues could not be assessed 
Results of the Three Way ANOVA: 
Factor 
Mycorrh izal root colonization ( Myc) 
Sal i n ity (non-saline vs. med ium sa l i n ity� Sal)  
Access ib i l ity, of the outer compartment (Ace) 










< 0.00 1 
Sal x Acc 
H igh sal in ity 
Hyphae Roots + 
Hyphae 
0.3 8 * 
± 0 . 1 I 
0 .54 0 .49 
± 0. 1 6  ± 0 . 1 2  
The data represent mean values ± standard dev iation. P-va l ues ind icative of a s ign ificant ( P  < 
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Hy pha.;l H phae Hy phae H y pha.;l H yphae 
+ Roots Roo s 
yphae 
Roots 
Non-sal ine Medium sal  mty High sa l in ly 
• These values cou d no be assessed 
Results of the Three Way ANOVA 
F actor P-va lue 
Mycorrl1izal inoculation ( Myc I 0. 1 54 
S oil sa l inity level I non-saline vs medium salinity· Sai l 0.0 1 1  
Accesslbi l ty of tI,e outer compartment ( Acc l <0.001 
Significant interactions bel'#een 1I1e factors: Sal Ace 
Figu re 3.9 The P content of the shoot in mg per p lant. Shown are the mean values ± standard 
deviation. The table shov. s the results of the Three Way ANOYA.  P-va lues ind icative of 
s ign ificant ( P  < 0.05 ) factor effects are printed in bold.  
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3.5.2 Uptake of Na, K and Ca into the plant shoot 
The resu lts of the Three Way A OVA performed on data obta ined for cation contents in the 
p lant shoots, revealed a s ignificant ly pos itive effect of AM fungal root colon ization on the 
shoot uptake of K. a and Ca (F igure 3 . 1 0) .  However, t issue concentrat ions of Na and K were 
not d ifferent depend ing on \ hether the plants were mycorrhizal, or not. The Three Way 
ANOYA perfomled on data for tissue concentrations of Ca even revealed that lower Ca 
concentrations in shoot t issues of +AM compared with -AM plants were significant (Table 
3 .8 ) .  Access ib i l ity of the outer compartment to roots increased total shoot K uptake. but had 
no effect on the uptake of Ca or Na ( F igure 3 . 1 0) .  
The sal in ity level had a s ignificant effect only on  the Na  content of  shoots, but genera l ly did 
not affect the uptake of Ca and K .  W ith increasing sa l in ity level the Na  content of shoots was 
increasing, and the KINa ratio was decreas ing.  Access ib i l ity to the outer compartments a lso 
showed a s ign i ficant effect on ly on K content i n  the shoot; the p lants w ith hyphae and root 
access to outer compartments had more K in the ir shoot compared to those that had access to 
outer compartments w ith only hyphae. 
There was a significant interaction between the effect of the AM fungal inocu lation and soi l  
sal i n ity o n  the KINa ratio, suggest ing that AM fungal inoculation increased the KINa ratio 
"" hen sa l in ity was absent from the so i l  in the outer compartment, and p lant roots had access to 
it. However. a d irect comparison by a t-test between the mean values for the KINa ratio 
obta i ned for -AM and +AM p lants accessing non-sa l i ne soi l  w ith their roots did not reveal a 
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Results of the Three Way AN OVA: 
Factor Shoot Na Siloot Ca 
Mycorrhizal Inoculation ( Myc ) 0.003 0.0 1 1  
Salinity ( non-saline v s  mediu m .  Sal ) <0.001 0.669 
Accessibility of outer compartment ( Ace ) 0 .498 0. 1 95 






Fig u re 3. 1 0  shows content of a, K and Ca in the plant shoot. The data are mean values ± 
standard deviation . P val ues ind icating significant factor effects are printed in bold.  
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Table 3.8 Cation conce n t rations in tbe s boot tiss ue ( i n  mg per g d ry weig b t )  
Non-sa l ine soi l  Med ium sal in ity H igh sa l in ity 
od i u m  Hyphae Roots + Hyphae Roots + Hyphae Roots + 
( N a )  Hyphae Hyphae Hyphae 
o Myc. 1 6 .59 1 8 .4 1 4 1 .32 30.89 40.02 * 
± 3 .86 ± 3 .30 ± 1 1 .45 ± 3 . 5 7  ± 8 .97 
l y corrh izaJ 1 4 .40 1 3 . 1 4  38 . 56  29.83 45 .68 34 .60 
± 0 .87  ± :U 8 ± 6.7 1 ± 3 .44 ± 8 .95 ± 4 .25 
Potass i u m  ( K )  
No Myc .  43 . 1 1  47 .02 47 . 73 • 43 .69 39.55 * 
± 4 . 1 4  ± 3 .89 ± 4 .98 ± 4 .94 ± 4 . 55  
My corrh iza l 42 .34 50 .84 39.73 4 1 . 77  40. 1 4  3 7 .63 
± 2 .22 ± 7 .35 ± 3 .8 1 ± 5 .33 ± 1 .5 7  ± 2 . 79 
Calci u m  ( C a )  
o Myc .  39. 1 4  3 7 .26 49.22 38 .54 3 5 .50 * 
± 5 . 74 ± 2 .56  ± 7 .86 ± 5 .00 ± 7 . 1 7  
lycorrh izal 32 .47 30. 1 4  3 8 .28 32 .42 39 . 1 5  38 .53 
± 4 .75 ± 4 . 5 5  ± 3 .62 ± 4 .4 1 ± 4.9 1 ± 5 . 1 1  
K / N a  ratio 
No Myc .  2 .69 2 .62 1 .34 1 .44 0 .95 * 
± 0 .37  ± 0.43 ± 0 .52 ± 0 .29 ± 0 . 1 9  
My corrh izal 2 .94 4 .07 1 .05 1 .44 0.92 1 . 1 0  
± 0 . 1 5  ± 1 . 1 5  ± 0 . 1 1 ± 0 .37  ± 0.20 ± 0. 1 1 
Resu lts of the Three Way ANOVA: 
P-values 
Factor Na K Ca KINa 
Mycorrh izal root colonization ( Myc) 0.229 0 .280 0.00 1 0. 1 22 
Sal in ity ( non-sa l ine vs .  medium sal in ity; Sa l )  <0.00 1 0.306 0.030 0.00 1 
Access ib i l ity of  the outer compartment ( Acc)  0 .053 0 .305 0.022 0 .09 1 
ignificant interactions between the factors Sal x Acc none none Myc x Sal 
Table 3.8 shows the mean values ±standard deviation for the shoot cation concentrat ions, and 
a lso for KINa ratio in mg per g dry weight .  The · ind icates a s ignificant d ifference between 
correspond ing +AM and -AM plants. The star shows the value could not be assessed due to 
plants death . The s ign ificant d ifferences are pri nted in bold and significant interact ions 
between the factors observed on mean value of Na and KINa concentration in the shoot . 
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Chapter 4 :  Discussion 
4. 1 Shift in salinity between the inner and outer compartment throughout 
the growth period 
It can be assumed that at the t ime of transplanting, the sa l in ity level of the so i l  in the inner 
compartment was s imi lar to that of non-sal i ne soi l  prepared for the outer compartments. 
Ho\\ ever, at the t ime of harvest, the sa l in ity level in the inner compattment was s imi lar to that 
in the outer compartment in a l l  treatments, except for mycorrh izal p lants grown in 30 !lm 
compartments surrounded by sal ine soi l .  As the soi l  in the inner compartment was not 
h) drau l ica l l y  separated from that of the outer compartment, salt from the outer compartment 
m ight have been moved into the inner one by mass flow. A h igh root ing dens ity in the inner 
compared with the outer compartment m ight have contributed to this shift in  all treatments. At 
the t ime  of harvest, the sa l in ity level in  the outer compartment appeared to be unaffected or 
s l i ght ly decreased compared w ith the in it ia l  level in  al l treatments, except for salt treated soi l  
that surrounded 30 !lm compartments with mycorrhizal p lants. I n  these treatments, the EC 
va lues of the so i l  i n  the outer compartment were below the in it ia l  va lues by the end of the 
experiment. The reason for this observation is not completely c lear and deserves further 
investigat ion.  Standard deviations for the measured EC values were genera l ly rather smalL so 
that it appears un l ikely that these d i fferences were s imply due to measurement inaccuracy. I t  
could be speculated that the A M  mycel ium provided increasing mass flow of ions towards the 
root surface. An increased hydraul ic  conductiv ity of soi l  around mycorrh iza l roots m ight be 
the result of extraradical hyphae connecting the root with soi l  partic les CAuge et a ! . ,  2007) .  
The extraradical A M  myce l i um provides nutrient absorpt ive surface area through which the 
AM fungus increases the nutrient uptake by the p lants (C lark and Zeto, 2000) .  However, EC 
values in the inner compartment were not h igher in mycorrh izal treatments compared with the 
nonmycorrh izal controls .  Resu lts obtained for the shoot ion uptake also do not suggest that 
mycorrh izal p lants grown in 30 !lm compartments took up larger amounts of ions compared 
with corresponding nonmycorrh izal treatments. Whether salt from the outer compartment 
might have been sequestered in the extra- or intraradica l  AM myce l ium or in root tissues in 
mycorrh izal p lants grown under sal in ity deserves further investigat ion.  The extrarad ical  
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mycel i um of AM fungi has a high cation exchange capac ity , wh ich potent ia l ly enables it to 
bind to meta l cations such as a
+ 
in the rh izosphere (Joner et a t . .  2000). 
4.2 The effect of the soil salinity level on the development of the A M  
symbiosis 
I n  th is experiment sa l i n ity had a negat ive effect on intrarad ical AM deve lopment, and with 
increas ing the sa l i n i ty the percentage of root colonization by AM fungi was reduced. Several 
stud ies a lso have sho\\ n the negat ive effect of sal in ity ( H irre l 1 98 1 ;  Estaun 1 989; McMi l len et 
a I . ,  1 998; Jahrom i et a I . ,  2008) .  The negat ive effect of sa l i n ity can be d irectly on the AM 
fungi. or indirect l )  on the host p lants. The d i rect effects on A M  mycel ia  involve delayed 
spore germ ination (Cantre l l  and L indermann, 200 1 ), decreased gro\\1h and length of fungal 
hyphae (Cantre l l  and L indennann, 200 1 ). In  the present study, e levated sa l i n ity leve ls  resu lted 
in a decreased extent of intrarad ical A M  fungal development . Some other studies a lso have 
shown a reduction in root colon izat ion by AM in the presence of NaCI  ( H irre l and 
Gerdemann, 1 980; Ojala et a l . ,  1 983 ;  Menconi et a I . ,  1 995 ;  Pass et a t . .  1 985 ;  Rozema et a I . ,  
1 986; Duke et  a I . ,  1 986; G iri e t  a I . ,  2007 ;  Jun iper and Abbott, 2006; Sheng et  a l . ,  2008) .  
J uniper and Abbott (2006) have suggested that th is  effect probably i s  due to a d i rect negat ive 
effect of aC I on the A M  fungi .  
The ind irect effect of sal in ity is caused by a decreasing abi l ity of the p lant to host i t s  fungal 
symbiont under stress. The reasons for this could be decreased carbohydrate avai labi l ity to the 
symbiosis in response to decreasing photosynthet ic capac i ty and the expend iture of energy to 
counteract the tox ic effects of N aCI .  
As sa l in ity, apparently shifted from the outer into the  inner compartment in a l l  treatments i n  
our study, our results do  not a l low for a conc lusion on  whether AM funga l  development was 
hampered rather by d i rect or ind irect effects of e levated levels of N aC I .  
I n  our study the reason for negat ive effects o f  sal in ity o n  A M  root colonization might l ie in 
the use of a conventional commerc ia l ly ava i lable A M  fungal inocu lum.  The stra in there in 
(Glomus intraradices) did most l ikely not originate from a sal ine soi l  or  from the same p lant 
host, and m ight have thus lacked adaptation . The previous studies ind icated that d ifferent 
AMF strains show d ifferent behavior and responses to salt stress. For example, Porras­
Soriano et a l .  (2009) showed that among a l l  Glomus spec ies that were i so lated from 
rh izosphere of o l ive trees, G. mosseae was the most effic ient fungus in tenns of a l lev iating 
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salt stress in o l ive p lants compared to G. intraradices and G. c1aroideul71 under green house 
cond itions. Interest ingly, a h igh abundance of iso lated fungal strains in rh izosphere soi l  does 
not necessari ly ind icate that this stra in can a i le iate the sal in ity effect and plant growth 
improvement better than the other less abundant strains (Fuzy et a l . .  2008) .  The properties of 
the oi I from \\ here the fungi are iso lated is a l so important with respect to the adapt ive 
propertie of AM fungal stra ins .  Arbuscu lar mycorrh iza fungal isolates from sal ine soi l  have 
somet ime . but not ah\ a) s (Tian et a l . ,  2004) been shown to be better able to contribute to 
p lant gro\vth under sa l in i ty compared with non-adapted iso lates .  These findings ind icate that 
d i fferent AM fungal stra ins shO\\ d ifferent salt tolerance. Whether AM fungi nat ive to sal ine 
dune and from the UAE would have performed better, remains speCU lat ive. However, AM 
fungal strains nat ive to  the UAE should c learly be  compared with current ly avai lable stra ins 
under sal ine soi l  condit ions in future stud ies. 
Further analysis of the deve lopment of the extrarad ical part of the AM symbiosis in response 
to sa l in it) m ight a lso provide a better ins ight into the physio logy of AM fungal responses to 
soi l  sa l i n ity. 
4.3 Impact of soil salinity on the contribution of AM fungal root clonization 
to plant growth, water uptake and WUE 
Some researchers (A I -Karaki ,  2000� Cantre l l  and Linderman, 200 1 ;  G iri e t  a I . ,  2003 ; 
Sannazzaro et a 1 . .  2007 :  Zuccarin i  and Okurowska, 2008) have observed that AM inoculated 
p lants grow better than non inoculated controls in sa l i ne soi l .  Among the plants tested in this 
respect so far were tomato. lettuce and on ion. A cacia auricu/ijormis, lotus glaber and sweet 
bas i l .  Sharifi et a I . ,  2007, a lso showed that AM fungal inocu lated soybean plants had 
significant l) h igher fresh and d ry weight compared with non-inocu lated contro ls .  In our study 
\\ e obta ined a s imi lar resu l t  to that of Sharifi et a l .  (2007), where AM inocu lation promoted 
p lant dry weight product ion, but had no effect on the shootlroot rat io or growth of roots into 
sal ine soi l .  As it was mentioned above, it has often been observed that AM fungi contribute to 
plant growth under sa l i n ity. Some previous stud ies have indicated that beneficia l  effects of the 
AM symbiosis on p lant growth under sal in ity are posit ively corre lated with the sa l in ity 
tolerance of the A M  fungal strain ( Porras Soriano et a I . ,  2009) .  In  our study the AM symbiosis 
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contributed to p lant surv ival under h igh sal in it) levels, even though onl)  around 1 5  % of the 
total root length were AM colon ized under these cond it ions. This suggests that even AM 
fungi that are negat ive l)  affected in  the ir  deve lopment by soi l sa l i n ity can contribute to plant 
performance under sa l ine cond ition . 
e \  ertheles . the posit ive effect of the AM symbiosis on p lant growth appeared to be less 
pronounced under sa l ine compared with non-sa l i ne condit ions in the present study. This may 
suggest that the AM fungal stra in used in this study \ as not we l l  able to protect itse lf  and/or 
the host p lant from d i rect hannful effects of elevated Na + and cr leve ls .  
It has been suggested that under sal i n ity mycorrh izal fungi might reduce p lant uptake of Na + 
or CI- ( Mardukhi et a I . ,  20 1 1 ) . The p lants of this experiment d id not show a reduced uptake of 
a
+ 
\\ hen the) \\ ere mycorrh iza l .  On the contrary, mycorrh izal p lants tended to have h igher 
concentrat ions of Na 
+ 
in the ir t issues compared w ith nonmycorrh izal contro ls .  This ind icates 
that mycorrh izal root colon izat ion d id not lead to a reduced uptake of Na 
+ 
under sal ine 
cond it ions in this study. evertheless it m ight be possible that cr levels were reduced by 
mycorrh izat ion.  
Leaf bro\', n ing and loss increased in  response to sa l i n ity, but were not affected by AM fungal 
root colon izat ion.  This observation may further support the find ing that the AM fungal 
sy mbiosis d id not reduce the accumu lation of hannfu l  e lements in aboveground p lant tissues 
in the present experiment. 
In the present study sa l in ity had a stronger negat ive effect on root growth compared w ith 
shoot growth.  A poor root development in response to sa l i n ity m ight be the result of d irect 
negat ive effects of h igh Na 
+ 
and cr levels on the root t issues, or the consequence of a poor 
carbohydrate ava i lab i l ity in response to root activ it ies counteracting sa l i n ity effects. In our 
study the AM symb iosis did not a l leviate negati ve effects of sa l i n ity on root development, and 
did a lso not assist roots in growing into the soi l in the outer compartment. This suggests that 
the AM fungal mycel ium was not very active in protect ing roots from sal in ity in our study. 
Eventua l ly th is  resu lt would have been d i fferent i f  the AM fungal root colonization under 
sa l in ity had been h igher. 
By increasing the sa l i n ity, the ET was decreased in th is experiment. A decreased osmotic 
potent ia l  of the sal i ne soi l m ight have contributed to this effect. In  add ition, transpiration from 
the leaf surface usual ly decreases with p lant s ize. A larger p lant s ize m ight have been the 
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rea on \\ h) +A 1 plant had a s l ightly h igher ET compared to -AM plants growing in non-
a l i ne o i l .  A lso under med ium sa l in ity level +AM plants had more WUE compared to 
corre pond ing -AM plants \\ ith both d i fferent accessib i l i ty to outer compartments (30 and 
:woo �m)  because of an increase in tota l biomass product ion. An increased WUE in response 
to AM fungal root colon ization cou ld often be attributed to an improved P nutrit ional status 
( eumann et a t . .  2009). However, a lterat ions in plant water sav ing mechanisms in response to 
the pre ence of AM fungi lead ing to increased W U E  irrespective of the p lant nutritional status 
have a l so been observed (Auge, 2004) .  
4.4 M echanisms behind the positive effect of A M  fungal root colonization 
on Plant growth 
Accord ing to Bergmann ( 1 992), standard values for opt imal  P concentrat ions in t issues of 
d icot) ledonous herbaceous p lants are usua l ly between 2 and 4 mg per g dry weight ( OW) .  In  
the  present experiment +AM p lants under medium sa l i n ity showed part icularly low 
concentrat ions of P in their shoots. A l l  p lants in this experiment were severe ly P defic ient. 
Optima l  concentrat ions for Ca are considered to be between 1 5  and 30 mg per g OW 
( Bergmann, 1 992) .  The standard value for opt imal  K supply is 20 to 35 mg per g DW.  
Wede l ia  p lants in  th is  experiment showed an opt imal  supply status for both of these cations. 
Toxic levels of Na 
+ 
depend on the sensit iv ity of the p lant spec ies. In  plants that are not salt 
to lerant a concentrat ions above 5 mg per g OW can cause damage . Concentrations of Na in 
the wedel ia  p lants under sa l i n ity treatment were h igh; averagely 34 . 1 and 36.2 mg per g OW 
for + AM and -AM p lants respect ively.  These Na concentrat ions are ind icative of a p lant that 
is rather tolerant towards a +. Bezona et a t .  ( 1 996) have indeed categorized the wedel ia as a 
sal t  tolerant groundcover in H awa i i .  However, symptoms of salt tox ic ity such as browning of 
leaf t ips, leaf loss and even death of p lants were observed in salt treated plants in this 
experiment. ind icat ing that e i ther Na + or cr levels in the t issues were exceed ing the tolerated 
level .  P lant uptake of K+ and Ca:!+ is often impa ired under e levated avai lab i l ity of Na + in the 
soi l .  Previous stud ies ind icated that the AM symbiosis contributes to cation uptake under 
sa l i ne soi l  conditions, even though the mechan isms behind this effect have not yet been 
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resolved (A lguac i l  et a I . ,  2003 : G i ri et a I . ,  2007 :  harifi et a I . ,  2007; Zuccarin i  and 
Okurowska, 2008) .  A lso Cantre l l  and Linderman (200 1 )  reported that in AM lettuce plants the 
Ca uptake increa ed.  
In  our stud) +AM plants took up significant l} larger amounts of Ca and into their  shoots as 
compared to -AM p lants under soi l  sa l in ity .  This happened a lthough the root could not grow 
to the outer compartment area. Root development and functioning can be impaired by high 
le\ e ls  of soi l sal in ity, lead ing to a poor nutrient uptake of p lants. It could be hypothesized that 
AM fungal hyphae are less sensit ive towards h igh soi l sa l in ity levels compared with roots, 
and that nutrient uptake v ia  the mycorrh izal pathway might compensate for a poor root 
funct ioning under sa l in it) . Analyzing the soi l in the outer compartment for AM fungal hyphae 
length densities m ight g ive a better v iew on the pathway of cat ion uptake to the AM plants 
shoot. 
a
· ions compete \\ ith K
+ 
for b ind ing sites essent ia l  for various ce l lu lar functions. Potassium 
p lays a ke) ro le in p lant metabol ism, act ivating a range of enzymes, synthesizing of protein 
and stomata l movement ( Marschner, 201 1 ) . H igh concentrat ions of K+ are required in 
synthesizing protein as K
+ 
i s  used in the b ind ing of tRNA to the ribosomes ( He ikham et a I . ,  
2009; B laha et  a! . ,  2000) .  Man) researchers observed a lower leve l of Na
+ 
in  the AM plant 
shoots compared \\ ith -AM controls ( Dixon et a I . ,  1 993;  Sharifi et a I . ,  2007; Zuccarin i  and 
Okurowska. 2008) wh i le  some stud ies showed increasing  levels of Na + in AM p lant shoots 
under sal i n ity (A l len and Cunn i ngham, 1 983 ) .  A I -Karaki (2000, 2006) reported that the 
reason for a reduction of Na
+ 
in AM plants might be a d i l ution effect of Na T because of growth 
improvement of AM p lants. I n  our study Na concentrations in the shoots were not d ifferent 
depend ing on whether the p lants were AM colon ized, or not. S ince the +AM plants were 
larger than the -AM p lants, their tota l Na content was even h igher compared with -AM 
contro ls .  This suggests that a reduced uptake of Na was not the reason for a better growth of 
+AM p lants in the present study. 
In our study shoots of +AM plants a lso contained significantly more K and Ca compared to 
corresponding -AM shoots. Tissue concentrat ions of Ca, however, were not h igher in +AM 
compared w ith -AM plants. Whether the AM symbiosis contributed to K and Ca uptake in 
our study thus remains specu lative. Levels  of Ca and K in the t issue were ind icative of a 
rather h igh supply level, and thus it i s  poss ib le that the AM plants absorbed more Ca and K in 
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consequence of their better gro\\ tho On the other hand, in absence of sal in ity. +AM plants 
took up more K + compared to -AM controls \" hen the outer compartment was accessible only 
to AM hyphae. This m ight suggest that the presence of an extrarad ical AM fungal myce l i um 
in the outer compartment fac i l itated K+ uptake. Under sa l in ity , ho\\ ever, a contribution of 
the A!\'l s} mbiosis to plant K uptake \\ as observed only \\ hen roots had access to the outer 
compartment. Severa l  studies have shown that AM root colon izat ion can enhance K+ 
absorpt ion under sa l i ne condit ions ( A lguac i l  et aL 2003 ; G iri et a I . ,  2007 ;  Sharifi et a i . ,  2007; 
Zuccarin i  and Okurowska, 2008) ,  \\ h i le the) prevent Na
+ 
trans location to the shoot . 
Potass ium homeostas is can be achieved by a high select iv ity of the cation uptake systems for 
K
+ 
or efflu:-- of Na 
+ 
from the cytoplasm, either into the vacuoles or into the apop last. The 




homeostas is under sa l in ity. 
Calc ium a lso serves important functions 111 membrane and ce l l  wal l stab i l ization that may 
assist t issue integrity under sa l in i ty , contributing to exc lusion ofNa + and decrease K
+ 
efflux. 
Some stud ies a lso ind icated that +AM p lants strongly affect Ca
:l+ 
in  some other p lants such as 
lettuce and banana (Cantre l l  and L inderman, 200 1 ) and (Yano-Melo et aI . ,  2003 ), 
respectively. Ca
:!+
, which has long been known for its role in al leviating p lant sa l in ity stress, 




homeostasis (Cramer et aL 1 985 ). 
Rabie and A lmadin i  (2005) have shown that high levels of Ca
:!+ 
in  the soi l a l leviate tox ic 
effects of aCI by fac i l itat ing h igher KiNa select iv i ty lead ing to salt adaptat ion. Moreover, 
h igh Ca
:!+ 
in the soi l was a lso found to enhance colon izat ion and sporul ation of AM fungi 
(Jarstfer et aI . ,  1 998) .  In  some p lants, e .g  Acacia auriculiformis the Ca
2+ 
uptake was found to 
remain unchanged between +AM and -AM plants (G iri et aI . ,  2003 ) .  
Between +AM and -AM plants there was no s ignificant d ifference in P concentration in the 
shoots, and a lso the shoot P content was unaffected by A M .  It is thus un l ikely that an 
improved P nutritional status caused growth d ifferences between +AM and -AM p lants in our 
study. By increasing the sal i n ity the P content in the shoot was decreased . A poorer root 
gro\\1:h under sa l i ne condit ions m ight be the reason for this .  In our study AM fungi were 
apparently unable to compensate for this under sa l in ity .  A l-Karaki (2000) a lso had obtained 
that AM onl) respond in P uptake to a certain  level of sa l in ity. It has been suggested that the 
reason is due to the tox ic effect of Na+ on fungal development under h igh level of sal i n ity 
50 
(G iri et a I . ,  2007). However, in our study shoot P uptake a lso appeared to be unaffected by 
AM fungal root colonization in absence of sa l i n ity. ]n many stud ies contributions of AM 
fungi to p lant grO\\ th could be attributed to an improved p lant P nutritional status. This can 
happen b) enhanc ing P uptake fac i l i tated by the extensive hyphae of the fungus which a l lows 
them to explore a greater oil volume than the non-mycorrh izal p lants ( Ru iz-Lozano and 
Azco 'n, 2000). Shokri and Maad i (2009) reported that AM inoculated Trifolium a/exandrium 
plants had an increased P content compared \-\ ith non-inocu lated contro l s  under sa l in ity .  
The prec ise reasons for an improved growth of +AM compared with -AM p lants in our study 
remain specu lative and require further investigat ion .  Poss ib le explanations involve: 
1 .  A posit ive effect of AM fungal root colonization on compat ib le solutes and antioxidants. 
These compounds help p lants to cope w ith sa l i n ity stress, and it has been shown that 
m) corrhizat ion increases the levels of e .g .  the am ino acid prol ine (compat ib le solute; l indal et 
a l . .  1 993 ; Sharifi et a l . .  2007) and superox ide d ismutase ( SOD, antioxidative apparatus; He 
Zhong Qun et a I . ,  2007). The e levation of antiox idants in the p lants w i l l  resu lts in a l lev iation 
of the ce l l  membrane damage under salt stress, and these p lants w i l l  have greater resistance to 
oxidati\ e  damage (Spycha l la  and Desbough, 1 990; Dionis io-Sese and Tobita, 1 998; l iang and 
Zhang, 2002 ) .  Further study of antiox idant levels in AM inocu lated Wedelia under sal i nity 
stress might prov ide a better explanation of p lant growth improvement under sal ine cond it ions 
in  response to AM symbiosis estab l i shment. 
2. Another reason could be that under sal in ity mycorrh izal p lants save energy by acquiring 
phosphorus via the mycorrh izal instead of the root pathway (Smith et aI . ,  2003 ) .  In some 
p lants (e .g .  tomato and tobacco) one rare ly sees any posit ive effect of the AM symb iosis on 
the tota l P uptake of the shoot. Recent ly stud ies w ith rad ioactively labeled P have shown that 
these p lants nevertheless acqu ire a lmost 1 00 % of the ir  P through the mycorrh izal pathway 
(Sm ith et a I . ,  2004) .  At the same t ime, however, they switch off the P uptake v ia the root 
surface (non-symbiotic uptake) .  By th is, the uptake pathway changes, but not the amount of P 
taken up in  tota l .  Poss ibly nutrient uptake v ia  the A M  fungus is cheaper in terms of 
carbohydrate expenditure compared w ith the asymbiotic uptake. It can thus not be exc luded 
that in the Wede/ia plants in the present experiment the AM fungal symb iosis contributed to 
p lant P uptake without increas ing tota l P uptake over that of the nonmycorrh izal controls .  
Maybe this strategy saved carbohydrates and thus contributed to p lant growth. 
5 1  
Chapter 5 :  Conclusions 
a l in it) may have a negat ive effect on AM deve lopment, part icularly when the AM fungal 
stra in does not originate from a a l ine environment. In  the present study, e levated NaCI leve l s  
severe ly  reduced the intrarad ical de elopment of the AM fungus Glomus intraradices. 
everthe less, th is  fungus promoted growth and surv ival of wedel ia  p lants under sa l in ity. and 
increased its WUE .  This suggests that AM inoculation might assist p lant performance on 
sa l i ne soi ls .  even \\ hen the AM fungal stra in is  only moderate ly salt tolerant. The reasons for 
the promot ion of p lant growth by AM fungi observed in our study. however. remain 
specu lat ive .  The AM symb iosis d id not seem to ass ist root development in sa l i ne so i l . and the 
resu lts of this stud) do a l so not support the thesis that the AM symbiosis can d i rect l) protect 
the host p lant from the uptake of excess ive amounts of Na +. Surpris ingly neither in absence 
nor in presence of sal in i ty d id AM fungal root colonization increase p lant P uptake in the 
present study. even though p lants were grown in a soi l w ith a very low P avai labi l ity. 
Ho\\ ever, AM inocu lated p lants took up more K+ from sa l ine soi l  compared \\ ith -AM 
contro ls .  
The resu lts of this study ind icate that in arid regions of the world such as  UAE where the 
sa l ine soi l is a l im itation factor for p lant growth,  the AM symbiosis might contribute to 
gro\vth of landscaping plants such as wedelia by i ncreas ing surv ival ,  water use effic iency and 
growth. Whether s imi l ar resu lts, inc lud ing a h igher biomass production per unit of water spent 
can be ach ieved by AM fungal inocu lation under field conditions as wel l ,  requ ires further 
test ing. 
For the next s im i lar experiments it is suggested to better impair mass flow between the inner 
and outer compartment, and to use an AMF stra in "" h ich is nat ive to sal ine soi l s  of the UAE.  
A lso in  depth study about antioxidant accumu lation in AM p lants under sal i n ity stress might 
better revea l the mechan isms by which plant growth was promoted in response to AM 
inocu lation in th is  experiment . 
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